We analyzed 88 unrelated subjects with Type 1 (insulin-dependent) diabetes and 64 sibling controls (maximum one per diabetic) for associations between immunoglobulin allotype antigens (GM and KM) and Type i diabetes. None were found. However, we did find interactions between GM, HLA-DR, and Type I diabetes (significant or of borderline significance after considering the effect of multiple tests): possession of Glm(2) appeared to increase susceptibility to diabetes in individuals who had HLA-DR3 but not HLA-DR4, while possession of G3m(5) appeared to increase susceptibility in individuals who had HLA-DR4 but not HLA-DR3. These results suggest that genetic predisposition to Type 1 diabetes is partially determined by alleles at the GM locus (or a locus in linkage disequilibrium with GM) interacting with alleles at the HLA-DR locus (or a locus in linkage disequilibrium with HLA-DR).
GM, KM, INV, disease marker, genetic linkage.
Type 1 (insulin-dependent) diabetes is thought to be a disease resulting in most cases from autoimmune destruction of the host's own pancreatic fl cells, possibly virally initiated [1] . If Type I diabetes represents an abnormal immune system reaction to environmental agents, then immune response genes may be involved in its pathogenesis. In mice there are immune response genes linked to immunoglobulin heavy chain structural genes [2] and to the major histocompatibility complex [3] . There is some evidence for analogous sets of immune response genes in man, i. e. linked to the GM and HLA loci [4] [5] [6] . There is also some evidence in man for immune response genes linked to the immunoglobulin light chain locus, KM [7, 8] . The evidence is indirect and consists of findings of associations between immune responsiveness and GM, HLA, or KM marker antigens; one possible cause of these associations is linkage with disequilibrium between immune response loci and marker loci. Since the known associations of HLA-DR3 and HLA-DR4 antigens with susceptibility to Type 1 diabetes [9] may reflect linkage with disequilibrium between the HLA-DR locus and such immune response loci, it is logical to search also for associations between susceptibility to Type 1 diabetes and the GM and KM immunoglobulin antigens. We report here the results of such a search.
Subjects and methods

Subjects
Serum samples were available from 88 Caucasoid, Californian families with one or more Type I diabetic members. These families are part of an investigation [10] [11] [12] [13] into the genetics of susceptibility to Type 1 diabetes. Affected subjects were defined as having had acute onset of insulin dependence before 40years of age [10] . From each of the 88 families, we selected the oldest affected person and the oldest unaffected sibling (available in 64 of the families) as a control. We felt it was important to use siblings as controls in order that controls be precisely matched to patients in terms of ethnic background. If controls had been matched only as "Caucasoid" (more precise matching is difficult) and if, for genetic or environmental reasons, Type I diabetes were not uniformly distributed among the genetically diverse ethnic groups forming the Caucasoid population of California, spurious genetic differences between patients and controls would have resulted. Our study design eliminated Type 1 error due to such ethnic mismatching. Unfortunately, sibling controls are also very conservative, since a diabetic has a greater probability of sharing a marker allele with a normal sibling than with a random individual from the general population. Thus, any real difference between patients and controls would be more difficult to detect. We therefore decided that any difference with a p value < 0.1 should be considered of potential interest.
Genetic marker typing
All individuals were typed for three GM antigens and one KM antigen: Grin(l), Gtm(2), G3m(5) and Km(t). The prefixes "Gtm" and "G3m" indicate that GM antigens 1, 2, and 5 occur on gamma-t and gamma-3 heavy chains. The loci encoding these two heavy chain types are very closely linked; alleles at the loci are inherited together in combinations called haplotypes. Due to strong linkage disequilibrium, only three haplotypes arc common in Caucasoids of European origin. These three haplotypes are: Gm I (Gin 1' 17;21, 26, 27 when typed for a wider array of antigens), Gm 1,2 (Gin a'2'17;21 '26'27) and Gms (Gm3; 5,10,11.13. a4, 26, 27) . Antigens determined by the haplotype are indicated in the superscript, with heavy chain prefixes removed and instead a semi-colon used to separate Gtm and G3m antigens). The Kin(l) antigen is controlled by the Km 1, 2 allele, which in Caucasoids is much less common than the Km 3 allele. The GM and KM antigens were typed using a standard agglutination-inhibition technique [14] adapted for microtitre plates. The anti-allotype antisera used were Mor, Tyl, Wat, and Rut, and the anti-D coats were Pet and Hun. Samples which contained agglutinating antibodies were heat-inactivated at 65 ~ for 10 rain and re-typed.
HLA-DR antigens had been previously determined in the laboratory of Dr. P.I.Terasaki using a standard microlymphocytotoxicity procedure [15] . Fourteen of the 88 diabetic patients and 12 of the 64 sibling control subjects were not DR-typed; they were therefore not included in analyses involving HLA-DR.
Analysis
Two sets of analyses were performed: (1) two-way analyses to search for simple association of genetic marker antigens (HLA-DR, GM, KM) with susceptibility to Type I diabetes, (2) three-way analyses to search for interactions between two markers and susceptibility to diabetes. During analysis, the data for each variable were dichotomized (as described below) to attempt to satisfy the requirement that all cells have expected cell counts of at least 1.0. This requirement is probably conservative, since Kotze [16] suggested that in multiway analyses up to 20% of cells may have expected cell counts < 1.0. All two-way analyses, and all three-way analyses involving HLA by KM and HLA by GM, satisfied our more conservative requirement. However, threeway analyses, involving KM by GM, and four-way analyses did not meet the requirement in many cases and are therefore not considered in this study.
In the first set of analyses, KM was dichotomized by presence or absence of Kin(l). GM was dichotomized by Glm(1) or, in separate analyses, by Glm(2) or G3m (5) . HLA data were grouped into four phenotypic classes which, with regard to susceptibility to Type 1 diabetes, are biologically distinct: DR3/X, DR3/DR4, DR4/X, and X/ X, where 'DR3/X' means positive for DR3 but not DR4, 'DR4/X' means positive for DR4 but not DR3, and 'X/X' means negative for both DR3 and DR4. To examine the known associations of HLA with Type l diabetes, these four phenotypic classes were then dichotomized by presence or absence of DR3 and/or DR4. In the second set of analyses, KM and GM were dichotomized as in the first set. However, to search for possible interactions between HLA and immunoglobulin markers, we wished to maintain the four distinct HLA classes. This was not possible because the DRX/X class contained only four diabetic and seven control subjects. Since it could not meaningfully be merged with any other class, it was dropped from the interaction analyses.
Log-linear models were fitted to the multi-way cross-classified data using the computer program P4F from the 1981 BMDP software package [17] . We assessed the significance of an association or interaction effect by the G 2 test statistic, which compared the goodness-of-fit of the model with and without that effect. Models were fitted to the table of data collapsed over variables not involved in the effect -i.e., we performed a test of marginal association [18] . For such goodnessof-fit comparisons, G 2 is asymptotically distributed as Z 2 with degrees of freedom equal to (I-1) 0-1) for association effects and (I-1) 0-1) (K-l) for interaction effects, where I, J, K, are the number of classes for each of the variables involved in the effect [17] . We assessed the need to correct for multiple tests using the method described in the Appendix.
Interactions found to be significant were further investigated by examining the association of the immunoglobulin marker with disease within HLA categories. The significance of these 2 x 2 associations was assessed by the Z 2 test statistic (results for Fisher's exact test are also given in one case where total sample size was 28, even though the Z 2 test is probably more appropriate [19] ).
Results
Association of genetic markers with disease
The raw data for the 88 diabetic and 64 sibling control subjects are presented in Table 1 . The known associations of HLA-DR antigens with Type I diabetes were seen in the sample of 74 diabetic and 52 sibling control subjects who were DR-typed: compared with control subjects, the diabetic patients had a higher frequency of 505 DR3, although the difference was not significant (51% versus 40%; G 2 = 1.48, d.f. = 1, p = 0.22) and a higher frequency of DR4 (77% versus 58%; C_fl = 5.30, d. f. = 1, p= 0.02). (These results demonstrated the conservativeness of the sibling controls, since the frequencies of the DR3 and DR4 antigens in the American Caucasoid general population are about 23% and 28% [20] ). Furthermore, the increase of DR3 and DR4 in diabetic patients was primarily due to their much higher frequency of DR3/DR4 heterozygotes (34% versus 12%; G 2 = 8.75, d. f. = 1, p~ 0.003).
There was no association of KM with Type I diabetes: 17% of 88 diabetic and 17% of 64 control subjects were positive for Kin(l) (G2=0.00, d.f.= 1, p=0.98). GM, dichotomized by Glm(1), did not show association with Type 1 diabetes: 50% of diabetic patients were positive for Glm(1) compared with 47% of controls (G2=0.14, d.f.=l, p=0.70). Similarly, GM dichotomized by Glm(2) did not appear to be related to Type 1 diabetes: Glm(2) was positive in 19% of diabetic and 14% of control subjects (G 2= 0.73, d.f. = 1, p= 0.39). Finally, GM dichotomized by G3m(5) was not associated 
Interactions between two genetic markers and disease
The data were next examined for associations between immunoglobulin marker and disease that were HLA-DR-dependent -i.e., interaction effects. The analyses were performed on a sample of 70 diabetic and 45 sibling control subjects, since DRX/X individuals were not included. With GM dichotomized by Glm(l) and HLA classified as DR3/X, DR3/DR4, and DR4/X, there was no interaction effect (G2=1.29, d.f.=2, p= 0.52). However, with GM dichotomized by Glm(2), there was a possible interaction effect (G2=5.55, d. f. = 2, p = 0.062). Although the p value was not significant by conventional standards, we felt that, due to the conservativeness of our control subjects (see Subjects), this result could not be ignored. We therefore chose to consider it as 'borderline' significance by modifying our nominal significance level to a = 0.06. With GM dichotomized by G3m(5) there was a significant interaction (G2=6.91, d.f.=2, p=0.031). Finally, there was no interaction between KM, HLA and Type I diabetes, although the p value was low (G 2 = 4.23, d. f. = 2, p= 0.12). Thus, two of the four results were significant at the a = 0.06 level. We determined that correction for multiple tests was unnecessary (see Appendix), and therefore proceeded to examine these two interactions in greater detail. The interaction of Glm(2) and HLA-DR appears to be related to DR3 in the absence of DR4. (5) and HLA-DR appears to be related to DR4 in the absence of DR3. Table 3 shows that G3m(5) was increased in diabetic patients who had DR4 but did not have DR3. While 100% of DR4/X patients were positive for G3m(5), only 83% of DR4/X controls were positive for that antigen (Z2=5.74, d. f. = 1, p= 0.017). On the other hand, the frequency of G3m (5) in DR3 diabetic patients (79%) was not significantly different from that seen in DR3 controls (86%; Z 2 = 0.41, d.f. = 1, p = 0.53). When HLA was dichotomized as DR4/X versus non-DR4/X, and GM dichotomized by G3m(5), the GM-HLA-Type I diabetes interaction was significant (G 2 = 6.99, d. f. = 1, p = 0.008).
Discussion
The results reported here suggest that the GM locus (or a locus in linkage disequilibrium with GM) influences susceptibility to Type I diabetes by modifying effects of the HLA-DR locus (or a locus in linkage disequilibrium with HLA-DR). The epistatic interactions can be summarized as follows: (a) possession of Glm(2) appears to increase susceptibility in individuals who have DR3 but not DR4; (lo) possession of G3m(5) appears to increase susceptibility in individuals who have DR4 but not DR3. The lack of an observable GM effect in individuals who have both DR3 and DR4 could be due to the overwhelming effect of the DR3/DR4 genotype itself on susceptibility.
Three previous studies [22] [23] [24] have looked for associations between GM and Type I diabetes and found none. Thus, the present study agrees with other reports. A fourth study [25] reported a significantly increased frequency of Glm(2) in Japanese Type I diabetic patients who produced anti-insulin antibodies (45%), as compared with the frequency in patients who did not (28%). These GM differences were related to immune response to exogenous insulin and may not be important in the aetiology of Type 1 diabetes. Alternatively, the GM differences could reflect aetiologically important interactions between GM, HLA and Type 1 diabetes if: (a) a particular HLA antigen were associated with immune response to insulin (it has been suggested that, in Caucasoids, DR4 shows this association [26] ), and (b) the same HLA antigen interacted with Glm(2) to increase susceptibility to Type 1 diabetes.
Schanfield et al. [27] reported an increased frequency of Kin(l) in Type I diabetic patients as compared with sibling controls. Although we did not find a direct relationship between KM and Type 1 diabetes, we did find a low p value for KM-HLA-Type I diabetes interaction -it is possible that larger samples will reveal significant HLA-dependent KM differences between patients and controls.
Striking evidence for an interaction between GM, HLA, and autoimmune chronic active hepatitis has been reported by Whittingham et al. [281. They found an increase of Glm(2) only among patients who possessed HLA-B8, which in turn was associated with the disease. Since HLA-B8 is in disequilibrium with HLA-DR3, this would seem to be the same interaction we report here for Type 1 diabetes and may be common to many DR3-associated autoimmune disorders in Caucasoids.
Another interaction between GM, HLA, and an autoimmune disorder has been observed by Kagnoff et al. [29] in patients with gluten-sensitive enteropathy: all patients lacking DR3 (which is associated with the disease) were homozygous for the Gm 5 haplotype. In the present study, all Type 1 diabetic patients lacking DR3 (including those who were DRX/X) were positive for G3m (5) and thus possessed the Grn s haplotype, although not all were homozygous for that haplotype ( Table 1) .
The finding of an association between a marker and disease susceptibility, or an interaction between two markers and disease susceptibility, does not automatically lead to the conclusion that there are disease susceptibility loci (e. g. immune response genes) linked to the marker loci. Although linkage between a susceptibility locus and a marker locus may produce an association if there is also linkage disequilibrium between the loci (that is, alleles at the susceptibility locus are coupled with marker alleles in a non-random manner), linkage is not proven by the finding of an association since there are other possible causes of association [30, 31] . For example, the marker locus may interact with an unlinked disease susceptibility locus, or the marker locus itself may affect disease susceptibility. Methods for distinguishing between the possible causes of an association are not yet well developed.
Assuming that the known HLA-DR associations with Type 1 diabetes are caused by an HLA-DR-linked susceptibility locus, several investigators have argued that there are two different alleles at this locus which increase susceptibility through different mechanisms, one in linkage disequilibrium with DR3 and the other in disequilibrium with DR4. The argument is based on clinical differences between DR3-and DR4-positive diabetics, and the increased risk of Type1 diabetes in individuals who are heterozygous for DR3 and DR4 compared with those who are homozygous for either DR3 or DR4 [for reviews and conflicting interpretations, 32, 33] . The results reported here could be considered to support that hypothesis: the G1 m(2) haplotype interacts with the susceptibility allele in disequilibrium with DR3, and the G3m(5) haplotype interacts with the susceptibility allele in disequilibrium with DR4. However, our results are also compatible with a hypothesis 507 that GM haplotypes (or alleles at a locus in linkage disequilibrium with GM) interact directly with specific HLA-DR alleles, independent of alleles at any HLA-DR-linked susceptibility locus.
Evidence which may support the existence of more than one locus affecting predisposition to Type l diabetes has been reported from two recent linkage studies [34, 35] . They showed that linkage between the HLA locus and a hypothetical Type I diabetes susceptibility locus is tight in families where the proband is a DR3/DR4 heterozygote but loose in families where the proband is not. This has been interpreted to mean that other susceptibility loci (not linked to HLA) are important in families where the proband is not DR3/DR4, and the effects of these other loci simulate recombination between HLA and the HLA-linked diabetes locus. Furthermore, it has been argued [36] that the HLAlinked and HLA-unlinked determinants have interacting rather than independent effects on susceptibility. Our results suggest that GM on chromosome 14 (or a locus linked to GM), interacting with HLA-DR on chromosome 6 (or a locus linked to this), is a strong candidate for a diabetes susceptibility locus which is not linked to HLA. Further studies with carefully chosen controls are now needed to corroborate or refute this interesting possibility.
The usual correction for multiple tests is to multiply the nominal probability of Type I error, a, by the number of tests performed [37] . This correction is appropriate when only one of the N tests is nominally significant, but not when two or more are significant, as will be shown.
Let a denote the desired probability of Type I error for a single test. Thus, a = Prob ["significant" result I H0 true], for a single test. Let N denote the total number of independent tests performed, and let X denote the number of tests that are nominally significant at the a level.
The corrected p value we seek is denoted P~ (X of N) and equals Prob [at least X out of N tests are significant at a level] H0 true for all N analyses]. This can be expressed as a binominal probability:
Either Eqs. (I) or (2) may be used, whichever is easier to calculate.
We can use the above expressions to assess the need to correct for multiple tests in the present study. Let a= 0.06 denote our desired probability of type I era-or for a single test (we chose a = 0.06 rather than a = 0.05 for reasons given in the text). Let N = 4, the number of interaction analyses performed (HLA x each of four immunoglobulin antigens x disease). Applying Eq. (2), we see that the probability of observing 2 out of 4tests significant at the a=0.06 level, when in fact all the H0 are true, is: Since the probability of type 1 error for the four tests (0.020) is not greater than the desired nominal level (0.06), we conclude that no correction is needed for the effect of multiple tests.
Note that when X=I, Eq. (2) becomes P~ (1 of N)=I -(1 _•)N, which is approximately equal to Nc~ for small ol. This represents the usual correction for multiple tests.
